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A B S T R A C T
Traﬃc is one of the main sources of particulate matter (PM) inside urban areas. This paper provides a
preliminary assessment of the potential to reduce outdoor PM concentrations by local removal inside semi-
enclosed parking garages. The assessment is performed by computational ﬂuid dynamics (CFD) based on the 3D
steady RANS equations and an Eulerian advection-diﬀusion equation. First, an extensive CFD validation study
is performed with gas dispersion wind-tunnel measurements. Next, the case study for Eindhoven city center is
conducted on a high-resolution grid including 16 semi-enclosed garages. Traﬃc intensities on the streets and in
the garages are converted to PM10 source terms. The garages are ventilated with outdoor air. Simulations are
performed with and without removal units in the garages. The case study is not intended to reproduce a
particular pollution episode but to provide a preliminary indication of the potential reduction in PM10 for
representative meteorological and traﬃc conditions. The results show that 594 removal units allow reductions
in local outdoor PM10 by up to 50% close to the garages while reductions up to 10% are achieved further
downstream. It is concluded that local removal in semi-enclosed parking garages can be an eﬀective strategy
towards improved outdoor air quality.
1. Introduction
The World Health Organization states that particulate matter (PM)
aﬀects more people than any other pollutant and that it is strongly
associated with human morbidity and mortality both daily and over
time (WHO, 2014). While large particles when inhaled can be ﬁltered
in the nose and throat, particles smaller than about 10 micrometer
(PM10) can settle in the bronchi and lungs. Particles smaller than 2.5
micrometer (PM2.5) can reach the alveoli, and particles less than 100
nanometer can pass through the lungs to other organs including the
brain. Many studies have linked PM to lung cancer, respiratory,
cardiovascular and cardiopulmonary diseases (e.g. Kunzli et al.,
2000; Samet et al., 2000; Brunekreef and Holgate, 2002; Hoek et al.,
2002; Pope and Dockery; 2006, Valavanidis et al., 2008; Raaschou-
Nielsen et al., 2013; Beelen et al., 2014). Some have suggested links to
stroke incidences and Alzheimer’s and Parkinson’s disease pathology
(e.g. Block and Calderon-Garciduenas, 2009; Ranft et al., 2009) while
others have demonstrated the impact on birth outcomes (e.g. Brauer
et al., 2008; Pedersen et al., 2013). According to the Organization for
Economic Cooperation and Development (OECD), by 2050 and with-
out new policies, air pollution is set to become the world's top
environmental cause of premature mortality. The number of premature
deaths from exposure to PM is projected to more than double world-
wide, from just over 1.5 million today to nearly 3.6 million per year in
2050 (OECD, 2012; EEA, 2015) (Fig. 1).
According to the Global Health Observatory, the mean concentra-
tion of PM10 in urban areas ranges from less than 10 to over 200 μg/
m3, and that of PM2.5 from less than 10 to over 100 μg/m
3 (WHO,
2016). The WHO (2005) guideline has set limits aimed at achieving the
lowest concentrations of PM possible: 20 μg/m3 annual mean and
50 μg/m3 24-h mean for PM10 and 10 μg/m
3 annual mean and 25 μg/
m3 24-h mean for PM2.5. Nevertheless, it acknowledges that the actual
lower range of concentrations at which adverse health eﬀects have been
demonstrated is not greatly above the background concentration,
which is estimated at 3–5 μg/m3 in the US and western Europe for
PM2.5 (WHO, 2005). It is important to note that outdoor PM can be
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injected into buildings by mechanical and/or natural ventilation
systems and by inﬁltration, dramatically increasing exposure times as
most people spend 85–90% of their time indoors (Chen and Zhao,
2011).
The above-mentioned concentration values are averages over time
acquired at speciﬁc locations. It should be noted that PM concentra-
tions can show large gradients in space and time and that local
instantaneous values can be substantially higher than the above-
mentioned numbers. Especially traﬃc is an important source of PM
and related morbidity and mortality (e.g. Brauer et al., 2008; Nordling
et al., 2008; Pedersen et al., 2013) and it contributes both to back-
ground concentrations and to locally high concentrations of PM
potentially far exceeding the above-mentioned limits. Traﬃc-related
PM includes brake dust, tire wear and tailpipe emissions (e.g. Rogge
et al., 1993). Local traﬃc-related PM concentrations are inﬂuenced by
a wide range of parameters including urban and building geometry,
traﬃc intensity and meteorological conditions. In particular in parking
structures, PM concentrations have been found to be elevated relative
to urban ambient levels (Kim et al., 2007; Zhang et al., 2008). Studies
focused on PM in parking garages were mostly ﬁeld studies (e.g.
Majestic et al., 2009; Obaidullah et al., 2013; Samal et al., 2013;
Vukovic et al., 2014). Majestic et al. analyzed the trace metal contents
and iron isotope composition in a parking structure in Tempe, AZ,
USA. They found extremely high levels of ﬁner copper (up to 1000 ng/
m3) likely from brake wear, and identiﬁed brake dust as the dominant
source of iron in the parking garage. Obaidullah et al. (2013) measured
PM concentrations and size distributions in three parking garages and
two streets in Brussels, Belgium. They obtained average mass concen-
trations in the garages from 28 to 50 μg/m3 for PM1, 43–60 μg/m
3 for
PM2.5 and 58–90 μg/m
3 for PM10, versus street values of 14–18 μg/m
3
for PM1, 23–27 μg/m
3 for PM2.5 and 54–59 μg/m
3 for PM10, respec-
tively. Samal et al. (2013) measured PM in an enclosed parking garage
ﬁnding concentrations much higher than ambient values, with an
average of 100 μg/m3 up to a maximum 234 μg/m3 for PM2.5. Vukovic
et al. (2014) reported measurements in four parking garages in
Belgrade, Serbia. Concentrations exceeding 300 μg/m3 were measured.
Apart from the latter study, garage and/or street geometry in these
studies however were not described in detail.
The assessment of PM concentrations in urban areas can be
attempted by on-site measurements, reduced-scale wind-tunnel mea-
surements in an atmospheric boundary layer wind tunnel or by
numerical simulation with computational ﬂuid dynamics (CFD). Each
of these approaches has particular advantages and disadvantages. The
main advantage of on-site measurements is that they are able to
capture the real complexity of the problem under study. Important
disadvantages however are that they are not fully controllable due to –
among others – the inherently variable meteorological conditions, that
they are not possible in the design stage of a building or urban area and
that usually only point measurements are performed. The latter
disadvantage also holds for wind-tunnel measurements. Techniques
such as particle-image velocimetry (PIV) and laser-induced ﬂuores-
cence (LIF) in principle allow planar or even full 3D data to be obtained
in wind-tunnel tests, but the cost is considerably higher and application
for complicated geometries can be hampered by laser-light shielding by
the obstructions constituting the model, e.g. in case of an urban model
consisting of many buildings. Another disadvantage is the required
adherence to similarity criteria in reduced-scale testing, which can
limit the extent and the range of problems that can be studied in wind
tunnels. The use of CFD in wind engineering, also referred to as
computational wind engineering (CWE), has seen a rapid growth in the
past 50 years (see e.g. review and position papers by Murakami (1997),
Stathopoulos (1997), Baker (2007), Solari (2007), Meroney and
Derickson (2014), Blocken (2014, 2015), Meroney (2016) and
Tominaga and Stathopoulos (2016)). CWE/CFD has some particular
advantages over experimental (full-scale or reduced-scale) testing. It
can provide detailed information on the relevant ﬂow variables in the
whole calculation domain (“whole-ﬂow ﬁeld data”), under well-con-
trolled conditions and without similarity constraints. However, the
accuracy and reliability of CFD simulations are of concern and solution
veriﬁcation and validation studies are imperative.
In the past, CFD and wind-tunnel testing have been employed
intensively for the study of –mainly gaseous – pollutant dispersion, see
e.g. reviews by Robins (2003), Meroney (2004), Ahmad et al. (2005), Li
et al. (2006), Blocken et al. (2011, 2013), Tominaga and Stathopoulos
(2013, 2016), Di Sabatino et al. (2013) and Lateb et al. (2016). Many
previous studies comparing CFD and wind-tunnel results have indi-
cated that steady Reynolds-averaged Navier-Stokes (RANS) CFD
simulations are deﬁcient in accurately reproducing key features of
the ﬂow ﬁeld around isolated bluﬀ bodies such as separation, recircula-
tion and von Karman vortex shedding in the wake (e.g. Paterson and
Apelt, 1986, 1990; Murakami and Mochida, 1989; Murakami, 1990,
1993; Murakami et al., 1990, 1992; Rodi, 1997; Tominaga et al.,
2008a; Shao et al., 2012; Tominaga, 2015; Liu and Niu, 2016). As a
result, steady RANS simulations are generally also deﬁcient in accu-
rately reproducing pollutant dispersion around isolated buildings and
one should resort to large eddy simulation (LES) even for obtaining
reliable mean concentrations (e.g. Tominaga et al., 1997; Leitl et al.,
1997; Li and Stathopoulos, 1997, 1998; Blocken et al., 2008a;
Tominaga and Stathopoulos, 2009, 2010, 2013, 2016; Gousseau
et al., 2011a, 2011b, 2012, 2015; Bazdidi-Tehrani et al., 2013; Ai
and Mak, 2015). These validation studies indicated that deviations in
mean concentrations between steady RANS simulations and wind-
tunnel measurements can go up to a factor 10 or more. Similarly, it has
been shown that steady RANS is generally deﬁcient in accurately
reproducing dispersion from roof top sources of buildings within urban
areas (e.g. Gousseau et al., 2011b, 2015; Chavez et al., 2011, 2012)
with similarly large deviations. However, quite some previous studies
have also shown that steady RANS, in spite of its many limitations, can
provide fairly accurate predictions of near-ground mean concentration
ﬁelds by ground-level sources (generally less than factor 2 deviation) in
densely built urban areas such as regular arrays of block-type buildings
(e.g. Milliez and Carissimo, 2007; Dejoan et al., 2010; Tominaga and
Stathopoulos, 2012; Efthimiou et al., 2015; Buccolieri et al., 2015). On
the other hand, in less density built-up urban areas, much larger
deviations are obtained (e.g. Flaherty et al., 2007).
As opposed to the very large amount of published CFD and wind-
tunnel studies on dispersion of gases, much less studies have addressed
the near-ﬁeld dispersion of PM (e.g. Pospisil and Jicha, 2011; Fuka and
Brechler, 2012; Tong et al., 2016a, 2016b). Several studies have
focused on PM in parking garages, although – as mentioned earlier –
most of these were ﬁeld studies (e.g. Majestic et al., 2009; Obaidullah
et al., 2013; Samal et al., 2013; Vukovic et al., 2014).
This paper presents a preliminary case study with CFD to assess the
Fig. 1. Projected premature deaths due to particulate matter and ground-level ozone.
BRIICS countries: Brazil, Russia, India, Indonesia, China, South Africa (EEA, 2015).
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potential of reducing the traﬃc-induced fraction of outdoor PM
concentrations in urban areas by local removal by electrostatic
precipitation/positive ionization inside semi-enclosed parking garages,
where high PM concentrations can occur. First, a CFD validation study
is conducted based on the wind-tunnel experiments by Garbero et al.
(2010) of wind-induced gas dispersion in three types of buildings
arrays, for diﬀerent wind directions and for two values of the turbulent
Schmidt number (Sct=0.3 and 0.7). Next, a CFD case study is
performed for Eindhoven city center. The simulations are performed
on a high-resolution and high-quality grid that includes the 16 below-
ground and above-ground semi-enclosed parking garages. Three cases
are considered: case 1 without removal units; case 2 with a total of 99
units; and case 3 with a total of 594 units inserted in the semi-enclosed
parking garages. The paper is structured as follows. Section 2 describes
the reasons for adopting the simpliﬁed PM dispersion modeling
approach in this study. Section 3 presents the CFD validation study.
Section 4 presents the case study for Eindhoven city center. Sections 5
and 6 present discussion and conclusions.
2. Simpliﬁed PM dispersion modeling
Given the complexity of the urban geometry, CFD is employed for
ﬂow and dispersion modeling. A distinction can be made between
advanced modeling and simpliﬁed modeling. Advanced modeling takes
into account chemical formation (nucleation) and aerosol dynamics
(coagulation, condensation, etc), while simpliﬁed modeling excludes
the speciﬁc treatment of aerosol dynamics and treats the particles as a
gas. A review of dispersion modeling and its application to the
dispersion of particles was provided by Holmes and Morawska
(2006). The review states that the simpliﬁed models are capable of
modeling the dispersion of particles in terms of PM2.5 or PM10 since
they are based on conversation of mass, but that they cannot readily
provide information about particle number concentration. While
diﬀerences between the advanced and the simpliﬁed approach can be
substantial, especially very near to the source and for short averaging
periods, Holmes and Morawska (2006) mention that since air quality
regulations are currently based on particle mass concentrations,
simpliﬁed models are essential. In addition, it is mentioned that “since
several studies have shown a good correlation between non-reactive
gases and particles within a larger airshed, validation studies involving
gases should be a good indicator of the performance of the model in
terms of calculations of particle mass concentrations.”
In the present paper, the simpliﬁed modeling approach is adopted.
This is based on the above-mentioned statements, on previous CFD
studies that have adopted the same approach and on the speciﬁc goal of
this study. The goal is to compare the outdoor PM10 concentrations
obtained in the cases with 99 and 594 removal units to those obtained
in the case without units. The cases that are compared have the same
traﬃc intensities and source terms, both inside and outside the semi-
enclosed parking garages. The only diﬀerence is the number of units
installed. A range of the systematic errors and uncertainties in the cases
related to assumptions of traﬃc intensities and emissions are expected
to act to a similar extent in all cases and to partially cancel out when
concentration diﬀerences between the cases are considered. In addi-
tion, the traﬃc emission data being used already takes into account the
near-source chemical formation and aerosol dynamics to some extent.
The comparison is performed in a steady RANS framework which
implies long averaging times. The local conditions that diﬀer are
especially the conditions in the parking garages, where PM exiting
the garages is expected to have undergone substantial mixing inside
before exiting. Note that a similar simpliﬁed approach to PM disper-
sion modeling was adopted by Fuka and Brechler (2012) for their
validation study, by Guo and Maghirang (2012) for their case study,
successfully validated with experiments and by Tong et al. (2016a,
2016b) and Jeanjean et al. (2016) for their case studies. Finally, Kumar
et al. (2009) found a good agreement of modeling results with the
simpliﬁed approach with measured concentrations of nanoparticles in
a street canyon.
3. CFD validation study
3.1. Wind-tunnel experiments
Based on the statement by Holmes and Morawska (2006) that
validation studies involving gases should be a good indicator of the
performance of the model in terms of calculations of particle mass
concentrations, a validation study based on gas dispersion experiments
is set up. Garbero et al. (2010) performed measurements of the
dispersion of a passive tracer gas from a point source in idealized
arrays of rectangular building models. Apart from the above-men-
tioned reason, these wind-tunnel experiments are selected for the CFD
validation study because of three additional reasons: (1) their relevance
and representativeness for the case study of Eindhoven city center
(based on typical street widths and presence of mainly low-rise densely
packed buildings downstream of the parking garages for southeast
wind direction – see Section 4); (2) the availability of measurements
for diﬀerent street widths and diﬀerent wind directions, hence going
beyond the commonly studied case of wind direction parallel or
perpendicular to the streets; and (3) the complete report of the
experimental conditions which allows a detailed CFD validation study
to be performed. The measurements were conducted in the closed-
circuit atmospheric boundary layer wind tunnel of the Laboratoire de
Mécanique des Fluides et d′Acoustique of the Ecole Centrale de Lyon in
France. The wind tunnel has a test section of 14 m long, 3.7 m wide and
2.5 m high. A neutrally stratiﬁed turbulent boundary layer was
generated by a combination of spires and roughness elements, where
the roughness elements were identical in shape and size to the building
models and covered the entire working section (Fig. 2) to avoid the
development of an internal boundary layer. The resulting boundary
layer had a height of about 0.8 m. The 1:400 reduced-scale building
models had dimensions L×W×H=250×250×50 mm3, corresponding to
L×W×H=100×100×20 m3 in full scale. The model roofs were each
covered with 14 staggered “nuts” of 5 mm height representing roof-top
structures. The reference wind speed at boundary-layer height was
5 m/s resulting in an obstacle Reynolds number (based on obstacle
height and wind speed at that height) of 6700. Dispersion was studied
for three diﬀerent arrays: array A with street width in both directions Sx
and Sy equal to H; array B with Sx=H and Sy=2 H; and array C with
Sx=2 H and Sy=H. For array A, results for diﬀerent approach-ﬂow wind
directions were reported. The point source was placed in the middle of
the intersection between two perpendicular streets at height z/H=0.5
and concentration measurements were made at z/H=0.5 and z/H=2. It
was reported that the gas was quickly diluted and that passive diﬀusion
started near the source (Garbero et al., 2010). Data were sampled for
120 s at a frequency of 300 Hz. The measurement uncertainty for the
near-ﬁeld mean concentrations was reported to be of the order of 3–5%
Fig. 2. Building array in the wind tunnel and indication of source position (Garbero
et al., 2010).
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while for the far-ﬁeld mean concentrations it could reach 10% (Garbero
et al., 2010).
3.2. CFD simulations: computational settings and parameters
The CFD simulations are performed with the 3D steady RANS
equations supplemented with an Eulerian advection-diﬀusion equa-
tion. Closure for the RANS equations is obtained by the realizable k-ε
model (Shih et al., 1995) and for the advection-diﬀusion equation with
the standard gradient-diﬀusion hypothesis. The turbulent mass diﬀu-
sivity results from Dt=νt/Sct with νt the turbulent viscosity and Sct the
turbulent Schmidt number. Two diﬀerent values of Sct are used (0.3
and 0.7) in accordance with previous overview and review studies on
gas dispersion (Tominaga and Stathopoulos, 2007, 2013). The simula-
tions are performed at model scale. The computational geometry of the
arrays resembles the geometry in the wind tunnel except for the
upstream roughness elements (that have equal geometry as the
building blocks) aligned with the wind-tunnel walls which are excluded
(see Fig. 2). Array A consists of 12×15 buildings and arrays B and C of
10×14 buildings. The computational domains for arrays
A, B and C have dimensions LD×WD×HD=5.54×4.55×1.60 m
3,
5.15×4.50×1.60 m3 and 5.80×3.95×1.60 m3, respectively. The compu-
tational grids are developed according to best practice guidelines
(Casey and Wintergerste, 2000; Tucker and Mosquera, 2001; Franke
et al., 2004, 2007, 2011; Tominaga et al., 2008b; van Hooﬀ and
Blocken, 2010). A grid-convergence study indicates that for street
width H, 10 cells across the street allow nearly grid-independent
results (deviations in mean concentration below 5%) while for street
width 2 H, 14 cells are required for similar grid convergence. The grids
for arrays A, B and C are shown in Fig. 3 and contain 15×106, 14×106
and 11×106 cells, respectively. The vertical inlet proﬁles of mean wind
speed U and turbulent kinetic energy k are obtained from ﬁtting
analytical functions to the values measured in the wind tunnel (Fig. 4).
Fitting the log law to the mean wind speed measurements yields an
aerodynamic roughness length z0=0.02 m and a friction velocity
u*=0.552 m/s for Uref=5 m/s at 0.8 m height. The turbulence dissipa-
tion rate ε is given by:
zε( ) = u
*
κ (z + z )
ABL
3
0 (1)
where κ is the von Karman constant (0.42). At the outlet, zero static
pressure is speciﬁed. At the sides and the top of the domain, symmetry
boundary conditions are imposed (i.e. zero normal velocity and
gradients). At the surfaces of the streets, building walls and roofs, the
standard wall functions by Launder and Spalding (1974) with the sand-
grain roughness modiﬁcation by Cebeci and Bradshaw (1977) are used.
Simulations are performed for diﬀerent values of surface roughness for
the streets and the roofs. For the roofs, this includes taking into
account the presence of the staggered nuts by Garbero et al. (2010)
shown in Fig. 2 with an equivalent sand-grain roughness height of
0.001 m uniformly distributed over the entire roof surface. The same
value is applied to the ground surface. However, the diﬀerences in
mean concentration values in the street canyons at z/H=0.5 (i.e. the
focus of the validation study) with non-zero roughness compared to a
simulation with zero surface roughness are consistently below 5%.
Therefore only the results for zero surface roughness are presented in
this paper. The passive pollutant source is modeled as a source term in
the advection-diﬀusion equation with 0.01 kg/m3 s within a
0.01×0.01×0.002 m3 volume in the middle of the street intersection
where there are ﬁve building rows upstream, which is more than
double the minimum of two rows required for pedestrian-level wind
studies (Yoshie et al., 2007).
The CFD simulations are performed using the commercial CFD
code ANSYS Fluent 14. The choice for the realizable k-ε turbulence
model is based on the recommendations by Franke et al. (2004) and on
earlier successful validation studies of pedestrian-level wind conditions
by the authors (e.g. Blocken et al., 2004, 2007a, 2008b, 2012; Blocken
and Persoon, 2009; Janssen et al., 2013; Toparlar et al., 2015).
Pressure velocity-coupling is taken care of by the SIMPLEC algorithm.
Pressure interpolation is standard. Second-order discretization
schemes are used for both the convection terms and viscous terms of
the governing equations. Simulations are performed for the following
wind directions: array A: θ=2.5°, 12.5°, 27.5°; arrays B and C: θ=2.5°.
The iterations are terminated when the scaled residuals (ANSYS Inc.,
2011) do not show any further reduction with increasing number of
iterations. The following minimum values are reached: 10−7 for x-, y-
and z-velocity, 10−5 for k and ε, 10−4 for continuity and 10−6 for
concentration.
3.3. CFD simulations: results and validation
The results are presented as dimensionless concentration coeﬃ-
cients:
K = CU LH
Q
× 10H −6
(2)
where C is the mean concentration in ppm, Q is the pollutant emission
rate in m3/s, H and L are obstacle height and length and UH the mean
wind speed at height H. The results are shown as simulated versus
measured proﬁles of K at height z/H=0.5, which is the focus in this
study as it is the line closest to pedestrian level. The results are given
along horizontal lines at this height in the lateral streets and as
simulated contours of K in a horizontal plane at the same height
(Figs. 5–9). The following main observations are made:
• Fig. 5: For θ=2.5°, the maximum concentrations are generally
predicted with deviations less than a factor 2. The simulations with
Sct=0.3 (more turbulent diﬀusion) underestimate the street con-
Fig. 3. Computational grids for (a) array A (15×106 cells); (b) array B (14×106 cells);
and (c) array C (11×106 cells).
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centrations while those with Sct=0.7 (less turbulent diﬀusion) over-
estimate the street concentrations, except in the ﬁrst street down-
stream of the source. Higher turbulent diﬀusion leads to more gas
leaving the street canyons vertically and being evacuated by the ﬂow
over the building array. Plume spreading is underpredicted by both
Sct values.
• Fig. 6: For θ=12.5°, similar observations are made about maximum
concentrations as for θ=2.5°. However, spreading is better predicted
for this more oblique wind direction, in particular the width of
lateral spreading.
• Fig. 7: For θ=27.5°, the simulations with Sct=0.3 provide a good
prediction of the magnitude of K (deviation less than factor 2) and
the lateral spread for the 1st and 3rd street downstream of the
source. However, for the 5th and 7th street, the magnitude is locally
underestimated by a factor up to 3, while the length of the lateral
dispersion/spread itself is accurately reproduced. The simulations
with Sct=0.7 show a very diﬀerent performance. While still accep-
table for the 1st and 3rd street, very large overestimations are
provided for the 5th and 7th street, because this Sct value under-
estimates the vertical evacuation of the pollutant of out the street
canyon and its subsequent removal by the ﬂow over the array.
• Fig. 8: A wider street width in the along-wind direction yields a
wider plume. Here, both the simulations with Sct=0.3 and 0.7
underestimate the maximum concentration. For Sct=0.7, the devia-
tions are less than a factor 2, while for Sct=0.3, the deviations in the
more downwind streets can go up to a factor 4. The extent of the
lateral spread is accurately reproduced by both simulations.
• Fig. 9 A wider street width in the perpendicular direction yields a
completely diﬀerent dispersion pattern as in the previous cases.
Downwind channeling is less pronounced while lateral channeling is
stronger. The simulations with Sct=0.3 underestimate the maximum
concentrations by a factor 2 up to 4, while those with Sct=0.7
reproduce the maxima within a factor 0.25. However, both simula-
tions fail in accurately reproducing the extent of the lateral spread,
Fig. 4. Vertical proﬁles of dimensionless mean wind speed and turbulent kinetic energy as measured in the wind tunnel and ﬁtted curves as input for CFD simulations.
Fig. 5. Dimensionless concentration K by CFD simulations (Sct=0.3 and 0.7) and wind-
tunnel measurements at height z/H=0.5 for equally spaced buildings and wind direction
θ=2.5°. Source is indicated by +. Inserts are contours of K at height z/H=0.5.
Fig. 6. Dimensionless concentration K by CFD simulations (Sct=0.3 and 0.7) and wind-
tunnel measurements at height z/H=0.5 for equally spaced buildings and wind direction
θ=12.5°. Source is indicated by +. Inserts are contours of K at height z/H=0.5.
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although the predicted trend (skewness) in the 3rd and 5th street is
good.
It can be concluded that there is no single Sct value that performs
best for all cases investigated, which is in line with previous studies
(e.g. Tominaga and Stathopoulos, 2007; Blocken et al., 2008a). This is
not surprising as the appropriate value of the Sct number actually
depends on the type of ﬂow pattern and on the location in this ﬂow
pattern. However, apart from the case with Sx=50 mm, Sy=100 mm
(Fig. 8), the measured concentrations are generally situated between
the simulated concentrations by Sct=0.3 and Sct=0.7. Therefore, the
current validation study will be used to support the CFD simulations
for the case study of Eindhoven city center but these case study
simulations are performed for both Sct=0.3 and Sct=0.7, in order to
provide an indication of the physical modeling uncertainty involved.
4. Case study
4.1. Study area and surroundings
Eindhoven is located in the south of the Netherlands in the province
of North-Brabant. It is the 5th largest city of the Netherlands with
about 225,000 inhabitants. The area of interest is the city center of
Eindhoven, indicated by the dodecagon in Fig. 10 which covers an area
of about 5.1 km2. The city center is characterized by a mixture of
commercial and residential buildings, which are mainly low-rise
buildings with only a few high-rise buildings. Fig. 10b shows the 9
subareas and the location of the 16 semi-enclosed parking garages
(labeled A to P), which are concentrated in the southwest part of the
city center where the building density is highest. Fig. 11 illustrates the
position of the dodecagon and the computational domain in the
roughness map of the wider surroundings (circle with radius 10 km).
The aerodynamic roughness length z0 is estimated based on the
Davenport-Wieringa roughness classiﬁcation (Wieringa, 1992) and is
shown in Fig. 11 for each of the 12 wind direction sectors. For the
southeast wind direction under investigation, z0=0.5 m.
4.2. Computational model, domain and grid
The buildings in the city center are modeled explicitly, although
small facade and roof details are not included. Sidewalks, cars, benches
and trees are not modeled explicitly but implicitly by increased values
of the equivalent sand-grain roughness height for the streets and
squares (see Section 4.3). The dimensions of the computational domain
(Fig. 11) are L×W×H=4410×3570×600 m3. Special care is given to the
development of a high-quality and high-resolution grid that as much as
possible satisﬁes the available best practice guidelines. The grid is
constructed using the grid-generation technique presented by van
Hooﬀ and Blocken (2010), which allows a large degree of control over
the quality of the grid and its individual cells. It consists of only
hexahedral and prismatic cells and does not contain any tetrahedral or
Fig. 7. Dimensionless concentration K by CFD simulations (Sct=0.3 and 0.7) and wind-
tunnel measurements at height z/H=0.5 for equally spaced buildings and wind direction
θ=27.5°. Source is indicated by +. Inserts are contours of K at height z/H=0.5.
Fig. 8. Dimensionless concentration K by CFD simulations (Sct=0.3 and 0.7) and wind-
tunnel measurements at height z/H=0.5 for unequally spaced buildings (Sx=50 mm,
Sy=100 mm) and wind direction θ=2.5°. Source is indicated by +. Inserts are contours of
K at height z/H=0.5.
Fig. 9. Dimensionless concentration K by CFD simulations (Sct=0.3 and 0.7) and wind-
tunnel measurements at height z/H=0.5 for unequally spaced buildings (Sx=100 mm,
Sy=50 mm) and wind direction θ=2.5°. Source is indicated by +. Inserts are contours of K
at height z/H=0.5.
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pyramid cells. Images of the grid are shown in Figs. 12–15. In
particular, Fig. 15a–f illustrates some entrances of the parking garages,
while Fig. 15g and h show details of entrances and ventilation outlets
and Fig. 15i provides a view inside one of the semi-enclosed garages (G
in Fig. 10) where an electrostatic precipitation/positive ionization
removal unit is attached to the ceiling. While generating this type of
grid that has only hexahedral and prism cells requires a considerable
eﬀort, it avoids the well-known convergence problems that are
associated with steady RANS simulations on grids containing tetra-
hedral cells, especially when the required second-order discretization
schemes are used. This advantage is considered very important, as
ﬁrst-order schemes should not be used due to their excessive contribu-
tion to numerical diﬀusion. This also corresponds to the guidelines by
Franke et al. (2007), Tominaga et al. (2008b) and ASME (2011), who
also recommend or even demand using higher-order discretization
schemes. In accordance with the best practice guidelines (Franke et al.,
2007; Tominaga et al., 2008b), ﬁve cell layers are provided below
pedestrian height (1.75 m), at which the results will be evaluated. The
only exception to this are the below-ground parking garages. The
resulting grid has about 65.7×106 hexahedral and prism cells.
4.3. Boundary conditions
The atmospheric boundary layer with neutral stratiﬁcation is
described by the vertical inlet proﬁles of mean wind speed U, turbulent
kinetic energy k and turbulence dissipation rate ε by Richards and
Hoxey (1993):
⎛
⎝⎜
⎞
⎠⎟U z( ) =
u*
κ
ln z + z
z
ABL 0
0 (3)
k z( ) = u
*
C
ABL
2
μ (4)
Fig. 10. (a) Area of interest (dodecagon) with explicitly modeled buildings. (b) Division of area of interest in 9 subareas and position of the 16 semi-enclosed parking garages A to P.
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zε( ) = u
*
κ (z + z )
ABL
3
0 (5)
where z0 is the aerodynamic roughness length of the terrain upstream
of the computational domain (z0=0.5 m for SE wind direction – see
Fig. 11) and Cμ a constant equal to 0.09. The reference wind speed is
1 m/s at 10 m height. The inlet concentration of PM10 is obtained from
the measurement station of Veldhoven situated southeast of the area of
interest, at a distance of approximately 6 km from the city center. The
hourly average value of PM10=17.3 µg/m
3 is imposed. At the outlet of
the domain, zero static pressure is speciﬁed. At the sides and the top of
the domain, symmetry boundary conditions are imposed (i.e. zero
normal velocity and gradients). At the surfaces of the streets, building
facades and building roofs, the standard wall functions by Launder and
Spalding (1974) with the sand-grain roughness modiﬁcation by Cebeci
and Bradshaw (1977) are used. For the building walls and roofs, an
equivalent sand-grain roughness height kS=0.1 m and roughness
constant CS=0.5 are imposed. For the streets, an aerodynamic rough-
ness length of z0=0.03 m is imposed, taking into account benches,
sidewalks, trees, etc. This value originates from an earlier CFD
validation study (Blocken and Persoon, 2009). For the bottom of the
computational domain outside the dodecagon, where the buildings are
not modeled explicitly, z0=0.5 m is imposed, in order to avoid unin-
tended streamwise gradients in the approach-ﬂow proﬁles. As the wall
functions require values of kS and CS rather than z0, the following
conversion equation that was derived by Blocken et al. (2007b) for
ANSYS Fluent, is used:
zk = 9.793
CS,ABL
0
s (6)
The resulting values of kS and CS are 0.042 m and 7 for the streets, and
0.7 m and 7 for the bottom of the domain outside the dodecagon.
Traﬃc exhaust is implemented by pollutant source terms in the
streets and in the parking garages. Traﬃc intensity data for the streets
is obtained from the municipality of Eindhoven (Eindhoven
Municipality, 2015). The daily number of motorized vehicles for the
main streets on an average week day is shown in Fig. 16. This number
is converted to the number of driven kilometers, after which the PM
emission table from Rijkswaterstaat, i.e. the Ministry of Infrastructure
and the Environment, for city traﬃc-related burnt fuel and mechanical
Fig. 11. Position of area of interest and computational domain in 10 km radius circle with aerodynamic roughness classiﬁcation of surrounding area.
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wear (Table 1) is employed to yield the corresponding estimates of
PM10 and PM2.5 (Rijkswaterstaat, 2016). In Table 1, stagnant city
traﬃc refers to traﬃc with a high degree of congestion, an average
speed of less than 15 km/h and on average about 10 stops per km.
Normal city traﬃc is traﬃc with a reasonable degree of congestion, an
average speed between 15 and 30 km/h and on average about 2 stops
per km. Smooth city traﬃc is traﬃc with a relatively large fraction of
“free-ﬂow” behavior, with an average speed between 30 and 45 km/h
and on average about 1.5 stops per km. For the calculation of the
emissions in the streets of Eindhoven, the case of normal city traﬃc is
used. As the traﬃc intensity data in Fig. 16 relates to a 24-h period,
more realistic source terms are obtained by assuming the PM to be
emitted in a time frame of 10 h. The added sources for all streets in
every subarea in Fig. 16 are equally distributed over all streets in this
subarea. Note that this approach is more detailed than in recent studies
(e.g. Jeanjean et al., 2016) where uniform distribution over all streets is
assumed. For every street, the source terms are imposed in a volume
with width equal to the street width and height from 0 to 1.5 m. The
equal spreading attempts to take into account the local dispersion due
to traﬃc-induced turbulence. The values of the source terms for each of
the 9 subareas are presented in Table 2. For the subarea ‘Tue’, which is
the university campus, the source term was put to 0. In the largest part
of this subarea, the traﬃc intensity is very low. However the ring road
around Eindhoven city center crosses this subarea near its border,
which would result in an unrealistically high amount of driven km
equally distributed over this subarea. Given the southeast wind
direction, the emitted PM10 from this part of the ring road will be
transported out of the area of interest anyway, therefore the above
assumption is considered appropriate.
For the parking garages, estimates of PM10 emissions are made
based on the combination of the following parameters: (1) number of
parking spots, (2) number of vehicles using the parking over a 24-h
duration, (3) estimate of average duration for a car to drive into the
parking garage, ﬁnd a spot, and afterwards leave the garage (depending
Fig. 12. (a) Aerial photograph of Eindhoven city center from south. (b) Corresponding view of computational grid on and around explicitly modeled buildings (65.7×106 cells).
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on size of the garage this estimate was set to 6 up to 14 min), (4)
estimate of average vehicle speed in parking garage (set at 8 km/h).
Based on this information and these estimates, the number of driven
km inside the garages is obtained where again the average is taken over
10 h instead of 24. These numbers are combined with the emission
table (Table 1) for stagnant traﬃc, only considering passenger cars,
yielding the results in Table 3. Note that garage M is omitted as it is
only used for bicycles. The emissions are uniformly distributed over the
entire garage volume, assuming eﬃcient mixing of PM10 due to vehicle-
induced turbulence and internal airﬂow by the garage ventilation
system. The parking garages themselves are included in detail in the
computational model, both concerning geometry including removal
units (see Figs. 15 and 17) and boundary conditions (see Fig. 17). The
ventilation of the parking garages is imposed according to the Dutch
national building guideline (NEN, 2001) that demands a ventilation
rate of 10.8 m3/m2 h. The total ventilation rate is distributed over the
Fig. 13. Photographs of some parts of Eindhoven city center and corresponding views of computational grid on and around explicitly modeled buildings.
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Fig. 14. Photographs of some parts of Eindhoven city center and corresponding views of computational grid on and around explicitly modeled buildings.
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Fig. 15. (a-f) Photographs of some semi-enclosed parking garages in Eindhoven city center and corresponding views of computational grid. Garage entrances and/or ventilation
openings are indicated with arrows. (g-h) Details of computational grid near and in parking garages. Contours are PM10 concentration in μg/m
3. (i) Detail of computational grid and
electrostatic precipitation unit inside underground parking garage. Contours are PM10 concentration in μg/m
3.
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ventilation openings and imposed by assigning ﬁxed values for the
velocity as shown in Fig. 16. Finally, for case 2 (99 units) and case 3
(594 units), the electrostatic precipitation/positive ionization removal
units are virtually implemented in the parking garages (see Figs. 15 and
17). The units are commercially available and called Aufero (ENS,
2016a). They have dimensions L×W×H = 2.50×0.69×1.37 m3 with a
maximum volume ﬂow rate of 9000 m3/h. The particle removal
eﬃciency for a clean unit is assumed to be 70% for PM10 (ENS,
2016b). For every unit, the 9000 m3/h and removal eﬃciency of 0.7 are
imposed with a user-deﬁned function (ANSYS Inc., 2011). For case 2,
one unit is applied per 65 parking spots, yielding a total of 99 units
distributed over 15 parking garages. For case 3, six units are applied
per 65 spots, yielding a total of 594 units.
4.4. Solver settings
The 3D steady RANS equations and the advection-diﬀusion equa-
tion are solved with the commercial CFD code Fluent 14. The
simulations are isothermal. Pressure velocity-coupling is taken care
of by the SIMPLEC algorithm. Pressure interpolation is standard.
Fig. 16. Predicted number of motorized vehicles on main roads during an average weekly day.
Table 1
Total emission of PM10 and PM2.5 from burning fuel and mechanical wear (Rijkswaterstaat, 2016).
Traffic in urban areas City stagnant (g/km) City normal (g/km) City smooth (g/km)
106 km % PM10 PM2.5 PM10 PM2.5 PM10 PM2.5
Road traﬃc – total 26561 100.0% 0.0461 0.0228 0.0423 0.0183 0.0414 0.0174
Passenger cars 20954 78.9% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158
Motorcycles 387 1.5% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158
Mopeds 1570 5.9% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158
Vans 2643 10.0% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158
Lorries 413 1.6% 0.2254 0.1234 0.1810 0.0790 0.1586 0.0566
Tractors 269 1.0% 0.2462 0.1512 0.1898 0.0948 0.1632 0.0682
Buses 248 0.9% 0.2048 0.1278 0.1498 0.0728 0.1250 0.0480
Special vehicles – total
Light 22 0.1% 0.2254 0.1234 0.1810 0.0790 0.1586 0.0566
Heavy 55 0.2% 0.2462 0.1512 0.1898 0.0948 0.1632 0.0682
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Second-order discretization schemes are used for both the convection
terms and viscous terms of the governing equations. The simulations
are performed on a 16 core machine with 2.90 GHz processors and
256 GB memory. Every simulation takes about 18,000 iterations and
lasts for about 10 days. The iterations are terminated when the scaled
residuals (ANSYS Inc., 2011) do not show any further reduction with
increasing number of iterations. The following minimum values are
reached: 10−6 for x-, y- and z-velocity, 10−5 for k and ε, 10−4 for
continuity and 10−5 for concentration.
4.5. Simulation results
Fig. 18 presents contours of outdoor PM10 concentration in a
horizontal plane at z=1.75 m, i.e. pedestrian level, for case 1 without
removal units (reference case; Fig. 18a–d) and case 3 with 594 removal
units (18e–h) as obtained with the simulations with Sct=0.7. Note that
the upper limit of the colorbar has been set at 40 µg/m3 for visualiza-
tion purposes but that the actual concentrations occurring are higher
and exceed 50 µg/m3. Nevertheless, the maximum concentrations are
relatively limited as a result of the boundary conditions: the combina-
tion of averaging emissions in space (over subareas) and in time (equal
distribution over 10 h) and a reference wind speed of 1 m/s. It is
expected that during rush hours and/or for lower wind speed condi-
tions, local concentrations will be higher. Comparing the results of case
1 and case 3, it is clear that the parking garages accumulate PM10 that
is then exhausted into the outdoor environment through the relatively
small ventilation openings, yielding high concentrations especially in
the vicinity of these openings. The addition of the removal units
evidently reduces the indoor PM10 concentration and the PM10
concentration in the exhaust ﬂow. While this eﬀect is limited for some
of the garages (Fig. 18b vs. f), its is – at least near the ventilation
outlets – substantial for others (Fig. 18c vs. g and Fig. 18d vs. h).
Fig. 19 presents the reduction of outdoor PM10 concentration in a
horizontal plane at 1.75 m height for case 2 and case 3, relative to case
1, for Sct=0.3. It indicates that for case 2 (99 units), very locally around
Table 2
Data for estimation of PM10 emission in streets for every subarea in Fig. 10.
Nr. Name Volume d PM10
(m3) (km) (10−2 µg/m3s)
1 Kruisstraat 796154 44381 6.55
2 Bunker 666071 67650 11.93
3 Tue 644521 90706 0
4 Kanaal 644250 11865 2.16
5 Dommel 653054 23845 4.29
6 Stratum 263611 18433 8.22
7 Bommel 314843 21761 8.12
8 Stadium 441384 52830 14.06
9 Station 439928 33616 8.98
Table 3
Data for estimation of PM10 emissions in parking garages. Garage M is omitted as it is only used for bicycles.
Code Name Subarea Volume Parking spots Vehicles tin-out d PM10
(m3) (min) (km) (10−2 µg/m3s)
A Rabobank 2 31505 250 750 8 800 2.75
B Lagelanden/Marienhage 5 26637 355 1065 8 1136 4.62
C Pullman Hotel 5 8265 50 100 5 67 0.88
D Heuvelgalerie 6 143989 1106 4424 12 7078 5.33
E Hooghuis 6 22924 195 585 7 546 2.58
F Medina complex 6 19128 264 792 7 739 4.19
G Stadhuisplein 6 20530 314 942 8 1004 5.30
H Stadskantoor 7 20973 265 795 8 848 4.38
I De Nieuwe Wal 7 14501 180 540 8 576 4.30
J Parkeerdek 't Eindje 8 31801 350 1050 6 840 2.86
K Bijenkorf 8 42078 584 2336 10 3114 8.02
L Mathildelaan 8 111443 1187 4748 14 8862 8.61
N Witte Dame/Lichttoren 8 35834 509 1527 8 1628 4.92
O Admirant 8 25070 314 942 8 1004 4.34
P Kennedyplein 8 72606 799 2397 10 3196 4.77
Fig. 17. Computational geometry of a parking garage (B: Lagelanden+Marienhage) with
PM removal units and indication of ventilation inlet and outlet openings.
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the parking garages, reductions up to at least 10% can be seen.
However, reductions farther away are very small to indiscernible. For
case 3 (594 units) however, a much larger area around some of the
parking garages shows reductions up to at least 10% (Fig. 19c), with
very locally peak reductions reaching 50% (Fig. 19d). Fig. 19c illus-
trates that the plume of air with lower PM10 concentration is convected
downstream along the wind direction. Fig. 20 presents similar graphs
but for Sct=0.7. As also shown in the validation study in Section 3, the
streamwise concentration gradients for Sct=0.7 are less pronounced
than for Sct=0.3, which is mainly attributed to the stronger vertical
dispersion for Sct=0.3.
5. Discussion
This paper has presented a preliminary assessment of the potential
to reduce the traﬃc-induced fraction of outdoor PM concentration in
urban areas by local removal by electrostatic precipitation/positive
ionization inside semi-enclosed parking garages. The assessment is
considered preliminary because of several assumptions made, in
particular concerning the steady framework, the equal spatial spread-
Fig. 18. Contours of outdoor PM10 concentration (µg/m
3) in horizontal plane at 1.75 m height for Sct=0.7. (a-d) Without removal units. (e-h) With 594 removal units installed in the
semi-enclosed parking garages.
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ing of traﬃc intensities and related emissions over the streets in the
subareas and the equal temporal distribution of traﬃc intensities and
related emissions over a 10 h period. The case study is not intended to
reproduce a particular pollution episode. Although this approach and
the related assumptions are common in CFD PM dispersion studies
(see e.g. Jeanjean et al. (2016)), future work will focus on including
more accurate dispersion boundary conditions, both for the streets and
the parking garages, and on unsteady simulations, either with unsteady
RANS or LES. This will allow simulating particular pollution episodes,
which was out of the scope of the present study. In addition, thermal
eﬀects can be included, including short-wave and long-wave radiation,
convection and local anthropogenic releases (e.g. Toparlar et al., 2015;
Gromke et al., 2015).
The dispersion modeling in this paper adopted the simpliﬁed
approach which excludes the speciﬁc treatment of aerosol dynamics
and treats the particles as a gas. Although this approach has been
widely adopted in CFD PM dispersion modeling (e.g. Kumar et al.,
2009; Fuka and Brechler, 2012; Guo and Maghirang, 2012; Tong et al.,
2016a, 2016b; Jeanjean et al., 2016), future much more advanced
modeling work can consider including chemical formation (nucleation)
and aerosol dynamics (coagulation, condensation, etc.).
PM deposition was not considered in this study. In reality, PM
settling out will occur to a certain extent, which can be taken into
account with the concept of deposition velocity. You et al. (2012)
developed an empirical equation for indoor particle deposition velo-
cities, and a similar approach could be followed for outdoor deposition.
However, it should be noted that deposited PM could to some extent be
re-entrained into the wind ﬂow, e.g. by vehicle-induced turbulence.
The simulations were performed with two diﬀerent Sct values, 0.3
and 0.7. It is well known that this parameter is a function of the ﬂow
ﬁeld and the location in this ﬂow ﬁeld, and related to the relevant
eddies dispersing the pollutant. As such, it is likely that the actual value
will be diﬀerent inside the removal units, inside the semi-enclosed
garages and in the streets, and depend on street width and possibly also
distance from the source. It should also be noted that in steady RANS
modeling of dispersion, the value of Sct used is often based on ﬁtting
steady RANS results to experiments, in which the Sct is implicitly at
least partly used to compensate for the deﬁciencies of steady RANS
modeling, as outlined in the introduction of this paper.
In spite of these limitations, the present study has provided an
assessment of the potential to reduce the traﬃc-induced fraction of
outdoor PM concentration in urban areas by local removal inside semi-
enclosed parking garages. A complex case study for a large urban area
was performed, in which the semi-enclosed parking garages as well as
the removal units were explicitly included in the computational domain
and grid. The case study was supported by a detailed validation study
based on an extensive set of gas dispersion wind-tunnel measurements
for diﬀerent building arrays with diﬀerent wind directions and diﬀerent
Sct values. The case study was also performed for two diﬀerent values
of Sct to provide an indication about the related physical modeling
uncertainty.
6. Summary and conclusions
Particulate matter (PM) is strongly associated with human morbid-
ity and mortality. Traﬃc is one of the main sources of PM inside urban
Fig. 19. Outdoor PM10 reduction by removal units in the semi-enclosed parking garages: contours of in horizontal plane at 1.75 m height for Sct=0.3. (a,b) With 99 units installed. (c,d)
With 594 units installed.
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areas. Especially inside semi-enclosed parking garages, high PM
concentrations can occur. This paper provided a preliminary assess-
ment of the potential to reduce the traﬃc-induced fraction of outdoor
PM concentrations in urban areas by local removal by electrostatic
precipitation/positive ionization inside semi-enclosed parking garages.
The assessment was performed by numerical simulations with compu-
tational ﬂuid dynamics (CFD).
First, an extensive CFD validation study was conducted based on
wind-tunnel experiments of wind-induced gas dispersion in three types
of buildings arrays, for diﬀerent wind directions and for two values of
the turbulent Schmidt number (Sct=0.3 and 0.7). The simulations were
performed with the 3D steady Reynolds-averaged Navier-Stokes
(RANS) equations with the realizable k-ε model for closure and with
an Eulerian advection-diﬀusion equation and the standard gradient-
diﬀusion hypothesis for dispersion. Quite some previous studies have
shown that steady RANS, in spite of its many limitations, can provide
fairly accurate predictions of near-ground mean concentration ﬁelds by
ground-level sources (generally less than factor 2 deviation) in densely
built urban areas such as regular arrays of block-type buildings. This
overall good performance of steady RANS was conﬁrmed by the
validation study in the present paper. The comparison of street
concentrations by CFD simulations and wind-tunnel measurements
indicated that none of the two Sct values performed best for all cases
investigated, a ﬁnding that is in line with previous studies. This is not
surprising as the appropriate value of the Sct number actually depends
on the type of ﬂow pattern and on the location in this ﬂow pattern.
However, apart from the case with Sx=50 mm, Sy=100 mm, the
measured concentrations were generally situated between the simu-
lated concentrations by Sct=0.3 and Sct=0.7. Therefore, the validation
study was used to support the CFD simulations for the case study of
Eindhoven city center but these case study simulations were performed
for both Sct=0.3 and Sct=0.7, in order to provide an indication of the
physical modeling uncertainty involved.
Next, a CFD case study was performed for Eindhoven city center.
The simulations were performed on a high-resolution high-quality grid
that included the detailed geometry of 16 below-ground and above-
ground semi-enclosed parking garages. Three cases were considered: a
case without removal units, a case with a total of 99 units and a case
with a total of 594 units inserted in the semi-enclosed parking garages.
An eﬃciency of 0.7 of actual existing electrostatic precipitation/positive
ionization units for PM10 removal was employed. The 3D steady RANS
equations were solved with the realizable k-ε model for closure for a
reference wind speed U10=1 m/s and for southeast wind direction.
PM10 dispersion was modeled in a simpliﬁed way, with an Eulerian
advection-diﬀusion equation and the standard gradient-diﬀusion hy-
pothesis. The speciﬁc treatment of aerosol dynamics was excluded from
the computation, similar to several previous urban CFD PM dispersion
studies. Traﬃc intensities on the streets and in the parking garages
were converted to PM10 source terms. The parking garages were
ventilated with outdoor air according to Dutch building regulations.
Every case was solved with both Sct=0.3 and 0.7. The case study was
not intended to reproduce a particular pollution episode but to provide
a preliminary indication of the potential reduction in outdoor PM10 in
the vicinity of the parking garages under a given set of representative
meteorological and traﬃc conditions. With the speciﬁc choices and
assumptions implemented in this case study, the results showed that
Fig. 20. Outdoor PM10 reduction by removal units in the semi-enclosed parking garages: contours of in horizontal plane at 1.75 m height for Sct=0.7. (a,b) With 99 units installed. (c,d)
With 594 units installed.
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for the case with 594 ﬁlter units, local outdoor PM10 reductions go up
to 50% in the direct vicinity of the parking garages while reductions up
to 10% are achieved for a substantial area further downstream. As a
result, it can be concluded that local removal in semi-enclosed parking
garages can be an eﬀective strategy towards improved outdoor air
quality. Future work will focus on more detailed modeling with a higher
spatial and temporal resolution of traﬃc intensity and the related
emissions.
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